In Mississippi, spent poultry litter is used as fertilizer. Nutrient and bacterial levels in litter and nutrient levels in litter-fertilized (L+) soil are known, but less is known of bacterial levels in L+ soil. Th is study compared contiguous L+ and non-litterfertilized (L-) soils comprising 15 soil types on fi ve farms in April through May 2009. Levels of pH; NO 3 − -N; and Mehlich-3-extractable (M3) and water-extractable (WE) P, Ca, K, and Cu were higher in L+ than in L-soil. Total C; total N; NH 4 + -N; and M3 and WE Na, Fe, and Zn did not diff er in L+ and L-soil. Bacterial levels were higher in 0-to 5-cm than in 5-to 10-cm cores. Levels were higher in L+ than in Lsoil for culturally determined heterotrophic plate counts and staphylococci and were lower for total bacteria estimated by quantitative polymerase chain reaction (qPCR) of 16S rRNA, but cultural levels of thermotolerant coliforms, Escherichia coli, Clostridium perfringens, and enterococci were not diff erent. Cultural presence/absence (CPA) tests and qPCR for Listeria spp., Campylobacter spp., and Salmonella spp. detected only Listeria spp., which did not diff er in L+ (CPA = 77% positive samples; mean qPCR = 0.65 log 10 genomic units [gu] g −1 ) and L-(CPA = 70% positive samples; mean qPCR = 0 log 10 gu g −1 ) soils. Litter applications were associated with higher levels of pH, P, Cu, heterotrophic plate counts, and staphylococci. Fecal indicator and enteric pathogen levels were not aff ected. We conclude that, although some litter-derived nutrients and bacteria persisted between growing seasons in L+ soils, enteric pathogens did not.
I
n the United States and Canada, litter from confi ned poultry feeding operations is periodically removed from growing houses and recycled as land-applied fertilizer (Moore et al., 1998; Gascho and Hubbard, 2006; Codling et al., 2008; Kang et al., 2008; Harmel et al., 2009; Furtula et al., 2010) . In Mississippi, this poultry byproduct derives primarily from broiler (Gallus gallus domesticus) production (Kidd et al., 2007) . Litter contains a mixture of fecal matter, feathers, spilled feed, bedding material, and soil. Th e bedding material component may vary (Moore et al., 1998) . Pine wood shavings, pine sawdust, and rice hulls are the typical bedding materials used in Mississippi (McKinley et al., 2000) .
Litter is typically used in pastures (Sistani et al., 2008a ) and for hay and small grains on or near the poultry farm (Kang et al., 2008) ; however, uses on row crops distant from poultry production centers are expanding (Adeli et al., 2005 Mitchell and Tu, 2005; Tewolde et al., 2007 Tewolde et al., , 2009 . Increasing research and extension support, availability of litter, costs of petroleum-based fertilizers, and buildup of excess nutrients in heavily littered soils on or near poultry centers (Kingery et al., 1994; Sharpley and Halvorson, 1994; Daniel et al., 1998) have shifted litter from a waste product and local disposal problem to a valuable resource with fi nancial and nutrient management incentives for off -site transport and use (Kang et al., 2008) .
Depending on crop requirements, litter supply, and weather and fi eld conditions, litter may be land-applied nearly year round under nutrient management plans regulated by United States Environmental Protection Agency compliant state permits (USDA NRCS, 2009a) . Th e nitrogen (N) content of litter varies from 3 to 4% (by weight), and the phosphorus (P) content varies from 1 to 2%; thus, repeated applications to meet crop N demand may result in excesses of P and other nutrients (Sims and Wolf, 1994; Moore et al., 1998; Mitchell and Tu, 2005) . Levels of nutrients in litter and impacts on soils and crops in the southern United States have been reviewed (Chamblee and Todd, 2002; Endale et al., 2008; Read et al., 2009) , and accumulations of soil nutrients at levels above those required for crop production have been confi rmed (Gascho and Hubbard, 2006; Moore and Edwards, 2007; Schomberg et al., 2009) .
Potential risks from other litter components, especially zoonotic pathogens, have been recognized (Sims and Wolf, 1994) but have been relatively less studied. Zoonotic pathogens in litter are under increased scrutiny from the public, regulatory agencies, and researchers (Acosta-Martinez and Harmel, 2006; Jenkins et al., 2006 Jenkins et al., , 2008 Jangid et al., 2008; Brooks et al., 2009) . Poultry are known hosts and reservoirs for zoonotic bacteria (USEPA, 2009) , and levels and potential impacts of these pathogens in litter have been reviewed (Hartel et al., 2000; Terzich et al., 2000; Rogers and Haines, 2005; Macklin et al., 2008) . Zoonotic and fecal indicator bacteria in litter include species of Campylobacter, Clostridium, Enteroccus, Escherichia, Listeria, Salmonella, and Staphylococcus (Sims and Wolf, 1994; Terzich et al., 2000; Callaway et al., 2008; Foley et al., 2008; Chinivasagam et al., 2009; Graham et al., 2009) .
A recent Canadian study suggested that the hospitalization rate for acute gastroenteritis in children may be linked to livestock farming intensity (Febriani et al., 2009 ); however, Moss et al. (2002) reported that outbreaks of human illness linked to manure contamination of food and water sources mostly involved cattle manure. No documented reports of human illness from zoonotic pathogens have been linked to the land application of litter. Nevertheless, due to the seriousness of the potential human illnesses (USEPA, 1999; Lynch et al., 2006) , knowledge of the survival of pathogens after land application (O'Connor et al., 2005; Venglovsky et al., 2009 ) and management of risks posed by transport of bacteria into water and food sources (Moss et al., 2002; Unc and Goss, 2004; Crohn and Bianchi, 2008; Hanning et al., 2009) are critically important to public health and the poultry industry. Levels of zoonotic bacterial pathogens and fecal indicators have been determined in Mississippi for manured fi eld soils receiving swine lagoon effl uent (McLaughlin et al., 2010) , but levels of fecal and pathogenic bacteria in litter-fertilized fi eld soils were unknown.
Th e present study was conducted to provide data on the bacterial quality of litter-fertilized fi eld soils in Mississippi and to test the hypothesis that levels of fecal bacteria and bacterial pathogens would not diff er between litter-fertilized (L+) and non-litter-fertilized (L-) soils. Concurrent analyses of soil bacteria and nutrients were conducted based on the assumption that contrasting soil levels of litter-associated nutrients, like P, would help confi rm the fertilization histories of soils that did or did not receive litter. Th e objectives of the present study were to characterize and compare levels of selected nutrients, fecal bacteria, and bacterial pathogens in common contiguous L+ and L-soils. Levels of selected nutrients and fecal indicator and human pathogenic bacteria were measured in 15 adjacent L+ and L-soils on fi ve farms. Soils were sampled a year after the last litter application to detect long-term persistence and cumulative changes. A comparison of nutrient and bacterial characteristics of these soils is presented. Short-term changes from runoff and leaching of nutrients and bacteria due to rainfall immediately after litter application have been studied in a pasture watershed in the region (Sistani et al., 2008b) and in rainfall simulations with small fi eld plots and greenhouse microcosms (Sistani et al., 2004 Adeli et al., 2006; Brooks et al., 2009 ) and were not included in the present study.
Materials and Methods

Soil Samples and Litter Fields
Soil samples were collected in and adjacent to litter-fertilized fi elds at fi ve farm locations in Choctaw, Lowndes, Noxubee, Winston, and Yalobusha Counties of east central Mississippi. Fields were each sampled once from April through May 2009. Cropping and broiler litter fertilization histories in the fi elds were determined in interviews with land owners and ranged from a warm-season grass hay fi eld that received litter once in the preceding year to cotton row crop fi elds that had been fertilized annually from 2001 to 2008. Litter application rates of the study fi elds varied from 2.2 to 13.4 Mg ha −1 yr −1
, but no study fi elds had received litter since spring 2008. Th e Euclidean distance between farm locations ranged from 45 to 145 km. Th ese locations comprised 15 diff erent soils, including four silty clays, six silt loams, two sandy loams, two loams, and one clay-loam. Varied soils, farm locations, and crop and litter histories were selected to focus on comparisons of soil nutrients and bacteria with and without litter fertilization across soils and crops representative of the region and not on comparisons among soil types, cropping histories, or litter application rates. Background information on weather in the region includes average annual rainfall of 1400 mm and 30-yr average rainfall for the months of April and May (when soil samples were collected) of 142 and 125 mm, respectively. Rainfall totals in the region during soil sample collections in April and May 2009 were 97 and 274 mm, respectively. Daily (30-yr average) ambient temperatures in April and May are 17 and 21°C, respectively.
Soil survey maps (USDA NRCS, 2009b) and interviews with land owners were used to identify and delineate soils that comprised contiguous formations across L+ and L-areas. As previously defi ned (McLaughlin et al., 2010) , a common contiguous soil was an uninterrupted or continuous surface soil type or formation that extended across the boundary or edge of a litter-fertilized fi eld, such that adjoining portions of the soil occurred inside and outside the fertilized fi eld. Th e L-soil samples were collected upslope of the L+ fi elds. Two surface soil core subsamples, 2.5 cm diameter by 10 cm deep and 15 cm deep, respectively, were collected side-by-side within 10 cm of each other. Th e 10-cm cores were immediately divided into 0-to 5-cm and 5-to 10-cm cores for separate bacterial tests. Th e 0-to 15-cm cores were used for chemical and nutrient analysis. Five subsample cores collected 10 to 15 m apart along predetermined transects were combined to comprise each sample. Th ree samples were collected for each L+ and L-soil. Samples were sealed in plastic bags and stored on ice in a cooler for transport to the laboratory. Twenty-four samples were collected at each farm: 16 for bacterial analysis (four 0-to 5-cm and four 5-to 10-cm L+ samples; four 0-to 5-cm and four 5-to 10-cm L-samples) and eight for nutrient analysis (four 0-to 15-cm soil L+ samples and four 0-to 15-cm L-samples). Th is sample collection method was used for each soil type and location. A total of 80 samples was collected for bacterial analysis, and 40 samples were collected for nutrient analysis. Samples were collected in the morning and processed later the same day.
Nutrient Analyses
Soil samples were air-dried for 48 h, ground, and sieved (2 mm) before analysis. Th e pH was determined in a 1:1 soil/ water (w/v) suspension using 10 g soil. Total C and N were measured using a C/N analyzer (CE Elantech, Lakewood, NJ) and dry combustion of 60-to 80-mg subsamples. Separate subsamples were extracted with Mehlich-3 soil extractant (Mehlich, 1984) and deionized water for measurements of soil test and water-soluble P, K, Ca, Cu, Fe, Na, and Zn levels using an inductively coupled plasma spectrometer (Th ermo Jarrel Ash ICP, Iris Advantage ICP, Houghton, MI). Both extractions used 1:10 soil/extractant (w/v) with 2 g soil, shaken for 30 min, and fi ltered through Whatman Fisher (Th ermo Fisher Scientifi c, Waltham, MA) fi lter paper (2V).
Bacterial Identifi cation and Enumeration
Microbial analyses determined levels for bacterial groups, including heterotrophic plate count bacteria, staphylococci, enterococci, thermotolerant coliforms, Escherichia coli, Clostridium perfringens, Campylobacter spp., Listeria spp., and Salmonella spp. Enteric zoonotic pathogens, Campylobacter spp., Listeria spp., and Salmonella spp. were tested by cultural and quantitative polymerase chain reaction (qPCR) assays. For direct cultural analyses, 10 g soil (wet weight) subsamples were suspended in 95 mL of saline and homogenized for approximately 30 s using a stomacher (Interscience BagMixer; Saint Nom la Bretèche, France), and appropriate serial 10-fold dilutions were prepared. All cultural and qPCR analyses were conducted as previously described (McLaughlin et al., 2010) . Briefl y, the methods and media applied to each of the bacterial groups were as follows.
Heterotrophic plate count bacteria and staphylococci were measured using standard spread plating on half-strength Reasoner's 2 agar (1/2R2A) and mannitol salt agar, respectively (Neogen-Accumedia, Lansing, MI). Staphylococcus aureus ATCC 25923 was included in all tests as a positive control. Enterococci were membrane-fi ltered, cultured on mEnterococcus agar (Neogen-Accumedia), and transferred to bile esculin agar (Neogen-Accumedia). Enterococcus faecalis ATCC 19433 was included in all tests as a positive control. Clostridium perfringens were counted using membrane fi ltration, anaerobic incubations (Anoxomat gas system; MART Microbiology, Th e Netherlands), mClostridium perfringens agar (Neogen-Accumedia), exposure to NH 4 OH fumes to quantify presumptive C. perfringens colonies (Arnon and Payment, 1988) , and confi rmation by hemolysis on 5% sheep blood (Hema Resources & Supply, Willamette Valley, OR) agar plates. Th ermotolerant coliforms and E. coli were enumerated by most probable number (MPN) enrichment assays using lauryl tryptose broth (Neogen-Accumedia) and EC-Mug (E. coli broth with 4-methylumbelliferyl-β-D-glucuronide) (Neogen-Accumedia), respectively, based on gas production and turbidity. Probable E. coli cultures were separated based on fl uorescence and confi rmed on MacConkey agar. A positive control, E. coli ATCC 25922, was included with every assay.
Cultural presence/absence (CPA) tests and qPCR were used to assay Campylobacter spp., Listeria spp., and Salmonella spp. Th e CPA tests were conducted by adding 10 g of soil to 95 mL of enrichment broth (Campylobacter enrichment broth [NeogenAccumedia], UVM-Listeria enrichment broth [NeogenAccumedia] , and tryptic soy broth for Salmonella). Campylobacter cultures were grown under microaerophillic conditions (Anoxomat system) with transfer to 5% sheep blood agar plates, and Gram staining was performed for confi rmation. A positive control culture of C. jejuni ATCC 33560 was included with every assay. Listeria cultures after enrichment were transferred to Fraser's broth (Neogen-Accumedia) and then to modifi ed Oxford agar (Neogen-Accumedia). A culture of L. monocytogenes ATCC 51772 was included as a positive control with every assay. Salmonella cultures after enrichment were transferred to Rappaport-Vassiliadis R10 (RVR10) broth (Neogen-Accumedia), to modifi ed semisolid RVR10 agar (Neogen-Accumedia), and fi nally to Hektoen agar (Neogen-Accumedia). A culture of S. enterica Typhimurium ATCC 14028 was included as a positive control with every assay.
Presumed isolates of staphylococci, enterococci, C. perfringens, E. coli, and Listeria spp. were confi rmed via gene-specifi c PCR as described (McLaughlin et al., 2010) . Primer pairs were as follows: Staphylococcus spp. (750/756) (Zhang et al., 2004) , Staphylococcus aureus (nuc1/2) (Zhang et al., 2004) , Enterococcus spp. (tuf-ent1/2) (Ke et al., 1999) , C. perfringens (a tox) (Yoo et al., 1997) , E. coli (uidA) (Bower et al., 2005) , Listeria spp. (prs-F/R) (Doumith et al., 2004) , and Listeria monocytogenes (hlyQ-F/R) (Rodriguez-Lazaro et al., 2004) .
Enumeration of 16S rRNA (an estimate of total bacteria), Listeria spp., Salmonella spp., and Campylobacter spp. by qPCR was performed on DNA extracted directly from 0-to 5-cm soil cores using the MO BIO UltraClean Soil DNA extraction kit (MO BIO Laboratories, Inc., Carlsbad, CA) following the manufacturer's recommended protocol as reported earlier (McLaughlin et al., 2010) . Primer pairs were as follows: for 16S rRNA, 16S-F/R (Nadkarni et al., 2002) ; for Listeria spp., hlyQ-F/R (Rodriguez-Lazaro et al. 2004); for Salmonella spp., spaQ (Kurowski et al., 2002) ; and for Campylobater spp., campF2 and campR2 (Lund and Madsen, 2006) . Positive control DNA samples were obtained from the respective positive controls in the cultural assays. Positive control DNA for the 16S rRNA assay comprised E. coli ATCC 25922. Positive control DNA samples for qPCR were purifi ed using the QIAquick PCR purifi cation kit (Qiagen Inc., Valencia, CA), quantifi ed spectrophotometrically using a Nanodrop ND1000 spectrophotometer (Th ermo Fisher Scientifi c), and PCR amplifi ed to approximately 10 10 gene copies μL −1
. Standard curves were developed for qPCR to cover 10 0 to 10 5 gene copies per reaction tube. Limits of detection for each assay were determined to be approximately 250 to 1000 genomic units g −1 (dry) soil, which varied depending on the level of inhibition in the soil sample.
Statistical Analyses
Bacterial counts (colony forming units [cfu] or MPN 100 mL −1 ) adjusted by adding 1.0 (to convert zeros to positive numbers) were log 10 transformed to stabilize the variance before analysis. Transformed data were subjected to ANOVA using the SAS (SAS Institute, Inc., Cary, NC) MIXED model for a split plot design with litter history (L+ or L-) as the main plot and soil sample core depth (0-5 or 5-10 cm) as the subplot. Soil type and farm were treated as covariance parameters. Counts were averaged over core depths for comparisons between L+ and L-samples and averaged over litter history for comparisons between cores. Main eff ects in the model were compared by F-test. Interaction means were compared by t test when the F-test for the interaction was signifi cant. Statistically signifi cant diff erences were P ≤ 0.05 unless stated otherwise. Presence/absence data were converted to percent positive samples for each farm, and the percentages were log 10 transformed and analyzed as described above. Nutrient data were analyzed without transformation in a MIXED model using the F-test to compare litter history (L+ or L-) with soil type and farm as random covariates. Relationships of nutrient and bacterial levels to litter fertilization rate were tested with linear and quadratic models using the regression data analysis tool in Microsoft Offi ce Excel 2007 (Microsoft Corp., Redmond, WA).
Results and Discussion
Soil Chemical and Nutrient Analyses
Th e pH and nutrient levels of L+ and L-soils are listed in Table  1 . Th e L+ soil had higher pH and greater concentrations of NO 3 − -N; Mehlich-3-extractable (M3-) P, K, Ca, and Cu; and waterextractable (WE-) P, K, Ca, and Cu than L-soil. Mean levels of total C, total N, NH 4 + -N, M3-Na, M3-Fe, M3-Zn, WE-Na, WE-Fe, and WE-Zn did not diff er signifi cantly between L+ and L-soil samples. Results were consistent with earlier reports of soil P accumulation from repeated litter applications (Kingery et al., 1994; Moore and Edwards, 2007; Codling et al., 2008) and supported the hypothesis that a high P level could indicate a history of litter applications and its corollary that a low P level was an indication that litter had not been applied.
Th e pH of L+ soils was consistently higher than that of Lsoils. In paired comparisons (L+ and L-), pH was higher for L+ for 19 of 20 soil pairs, and the mean diff erence (L+ minus L-) was 0.66 units. Increased pH has also been reported for similar paired soil comparisons in earlier studies from Alabama (Kingery et al., 1994) , Oklahoma (Sharpley et al., 1993) , and Maryland (Codling et al., 2008) . Higher soil pH due to litter application has also been reported from controlled litter treatment studies in North Carolina (Crane et al., 1980) and Georgia (Gascho and Hubbard, 2006) .
Higher NO 3 − -N levels in L+ soils, as observed in the present study (Table 1) , have also been reported in other southern soils after long-term litter applications (Sharpley et al., 1993; Kingery et al., 1994; Gascho and Hubbard, 2006) . Similarly, the higher levels of other soil nutrients observed in L+ soils in the present study (Table 1) have been reported for K, Ca, and Cu (Kingery et al., 1994; Gascho et al., 2001; Sistani et al., 2004; Codling et al., 2008) . All of these elevated nutrient levels in L+ soils in the present study were consistent with the reports cited above and with the local histories of litter fertilization related by the land owners.
Tests of linear and quadratic models to describe potential relationships between nutrient levels and litter fertilization rate were done with the complete data set (n = 40) of 20 L+ and 20 L-samples comprising all soils and locations. Signifi cant positive linear responses to litter rate were described for pH and K levels, and signifi cant positive quadratic responses were described for P, Cu, and Zn (Table 2) . Th ese signifi cant linear and quadratic relationships were further explored in respective tests (n = 5) of a subset of four L+ and four L-samples from one location where litter as the sole fertilizer had been applied at four rates (2.24, 4.48, 8.96, and 13.44 Mg ha
) to a contiguous (Ariel silt loam) soil in no-till cotton production for 7 yr. In this subset, L-values were averaged, and the means were used for the zero rate of litter fertilization, which comprised a "farm standard" rate of commercial inorganic fertilizer described by Tewolde et al. (2007) . Th e signifi cant positive relationships for pH, P, K, Cu, and Zn to litter fertilization rate described across all soils and locations (Table 2) were confi rmed in the single soil subset (Fig. 1) .
Bacterial Levels in Soil
Heterotrophic bacteria, thermotolerant coliforms, E. coli, Staphylococcus spp., C. perfringens, and Enterococcus spp. were readily cultured and enumerated from soil (Table 3) . Detection limits for these bacteria were 100 cfu g −1 for heterotrophic bacteria and Staphylococcus spp., 20 cfu g −1 for C. perfringens and Enterococcus spp., and 1 MPN g −1 for thermotolerant coliforms and E. coli. As expected, heterotrophic bacteria comprised the largest population, followed, in descending order, by Staphylococcus spp., C. perfringens, thermotolerant coliforms, Enterococcus spp., and E. coli. Listeria spp. could not be culturally enumerated beyond a CPA assay after enrichment. Campylobacter spp. and Salmonella spp. were not detected by cultural assays. Th e CPA detection limits for Campylobacter spp., Listeria spp., and Salmonella spp. were 1 PA 10 g −1 soil. Culturing lower levels of Campylobacter spp., Listeria spp., and Salmonella spp. quantitatively was beyond the scope of this study.
Populations of all culturally enumerated bacterial groups were greater in the shallow surface cores (0-5 cm) than in the deeper (5-10 cm) surface cores (Table 4) . Th e relative order of their respective populations from highest to lowest was essentially the same in both surface core depths. Except for C. perfringens, population levels for culturally enumerated bacterial groups in the present study were very similar to those reported earlier from fi eld soils with and without long-term swine manure lagoon effl uent fertilization (McLaughlin et al., 2010) . Levels of C. perfringens found in L+ soils in the present study were almost 3 log 10 cfu g −1 lower than those reported for swine manure lagoon effl uent spray fi eld soils. Brooks et al. (2009) also reported much higher levels of C. perfi ngens in litter (6 log 10 cfu g −1
) and runoff of litter-treated soil (4 log 10 cfu g −1 ) and suggested C. perfringens as a possible indicator of recent litter application in environmental samples. Brooks et al. (2009) , however, noted that C. perfringens forms spores that may persist in soil and complicate determination of recency of litter application. Possible explanations for relatively low levels of C. perfringens found in L+ soils in the present study include (i) the high probability that diff erent litter sources were used (by land owners in fertilizing fi elds) in the present study than used by Brooks et al. (2009) , (ii) the possibility that C. perfringens may not persist at high levels in fi eld soils and may have declined in the present study during the nearly year-long interim between the last land applications in spring 2008 and soil sample collections in spring 2009, and (iii) the possibility that C. perfringens may persist in soil but may require years of repeated litter (or other manure) applications to reach higher levels than those measured in the present study.
Th e presence of fecal indicator bacteria in L-soils in the present study could be interpreted as contamination of these adjacent areas by litter-borne bacteria, for example in aerosols (Chinivasagam et al., 2009 ) during litter applications, or by runoff after litter application. Although data pertinent to bacterial presence and survival in aerosol drifts during litter applications (e.g., bacterial levels, aerosol particle size distributions, wind speed and direction, relative humidity, UV index, etc.) were not available to address possible aerosol contamination, runoff contamination was precluded by collection upslope from L+ fi elds. Other studies (Peu et al., 2006; Pappas et al., 2008) have shown that fecal coliforms and other indicators are present in natural environments. Peu et al. (2006) quantifi ed fecal indicator bacteria in fi eld soils before manure spreading and reported levels for enterococci and E. coli of ≤2 × 10 2 and ≤12 cfu g −1 , respectively. Levels of thermotolerant coliforms, E. coli, and enterococci in the present study were also relatively low and not diff erent between L+ and L-soils (Table 3) . Background or natural levels of E. coli and other fecal indicators have frequently been measured for runoff studies in control soils not receiving litter and in soils before litter application (Jenkins et al., 2006; Brooks et al., 2009; Sistani et al., 2010) . Contributions of indicator and pathogenic bacteria by livestock, pets, wild animals, and birds is well established (Reed et al., 2003; USGS, 2009) , and estimates of their background levels are factored into watershed runoff models (Liu et al., 2010) . Persistence and distribution of fecal bacteria in soil also depend on site-specifi c factors (Bicudo and Goyal, 2003; Bradford and Segal, 2009; Santamaria and Toranzos, 2003) , including fi eld soil type (pH, organic matter, metal ion content), moisture, and bacterial strain (Topp et al., 2003; Islam et al., 2004; Soupir et al., 2006) . In the case of poultry litter, geographic variations in litter, pH, and bacterial loads (Terzich et al., 2000) , characteristics of foundation soils beneath litter in growing houses (Volkova et al., 2009) , and litter placement in or on soil during spreading (Sistani et al., , 2010 ) may aff ect bacterial levels and persistence after land application.
Campylobacter spp. and Salmonella spp. were not detected in cultural or qPCR assays of any soil samples (Table 3) . Of the enteric pathogens, only Listeria spp. was detected (Table 3) . Th e CPA tests for Listeria spp. were positive in >70% of samples from L+ and L-soils. Th e qPCR tests for Listeria spp., however, were only positive for samples from L+ soils. Background levels of Listeria spp. in the L-soils of the present study were below detection limits for the qPCR. Although considered to be a more sensitive test, qPCR assays were based on extraction of only 0.25 g of soil, whereas CPA tests were based on enrichment of 10 g of soil, a 40-fold diff erence in the amount of soil tested. Although the CPA results demonstrated the presence of Listeria spp., repeating qPCR tests of 40 soil samples with 40 subsamples each, to equal − ; Mehlich-3 P, K, Ca, Na, Cu, Fe, and Zn; heterotrophic plate counts; thermotolerant coliforms; E. coli; Staphylococcus spp.; Clostridium spp.; Enterococcus spp.; and 16S rRNA-qPCR) with litter fertilization rate (x) were tested, but only signifi cant relationships (P ≤ 0.05) derived from linear (n = 40, df = 1, residual df = 38, total df = 39) or quadratic (n = 40, df = 2, residual df = 37, total df = 39) models are shown. Samples included 20 litter-fertilized soils (representing 15 soil types collected from fi ve farms) and 20 of the same respective contiguous soils without litter fertilization. Litter fertilization rate varied from 0 to 13.44 Mg ha −1 yr
−1
). § Diff erence (*, *** signifi cant at the 0.05 and 0.001 probability levels, respectively). ¶ 16S rRNA quantitative polymerase chain reaction (qPCR) primers were initially designed by Nadkarni et al. (2002) to quantify total bacterial levels.
the amount of soil in CPA tests, was beyond the scope of this study. Th e fact that Campylobacter spp. and Salmonella spp. were not detected in any soil samples in the present study was somewhat surprising because both had recently been reported in nonmanured soils on or near swine farms in the region (McLaughlin et al., 2010) . Other studies in the southern United States, however, have also reported that Campylobacter spp. and Salmonella spp., although known to occur in chickens and litter, were not detected from soil or runoff after litter applications in controlled microcosms (Brooks et al., 2009 ) and watersheds (Jenkins et al., 2006 . Litter management practices, such as "storage" (Brooks et al., 2009) , "stacking" (Hartel et al., 2000) , and "inhouse windrow composting" (Macklin et al., 2008) , have been suggested to reduce fecal indicators and eliminate some pathogens. Other studies have shown conventional storage practices to be insuffi cient to eliminate drug-resistant enterococci and staphylococci (Graham et al., 2009) . Although the management practices for litter applied to grower fi elds in the present study are unknown, consistent with regional practice, they probably involved a period of storage or stacking before transport and thus contributed to reduced pathogen loads in litter at the time of spreading. Results of the nutrient analyses for L+ and L-soils in the present study were consistent with the litter application backgrounds reported by land owners and supported the proposition that diff erences observed in bacteriological tests can be attributed to diff erences in litter fertilization.
Tests of linear and quadratic models, as discussed above for nutrient levels, were also done to examine potential relationships between bacterial levels and litter fertilization rate. A signifi cant positive linear response to litter rate was described for levels of Staphylococcus spp., and a signifi cant positive quadratic response was described for 16S rRNA qPCR levels ( Table 2 ). As discussed above for nutrient relationships, these two signifi cant relationships were further explored in respective tests of a subset of samples from one location where litter, as the sole fertilizer, had been applied at four rates to a single soil type in no-till cotton production for 7 yr. Th e positive relationships for Staphylococcus spp. and 16S rRNA qPCR levels to litter fertilization rate described across all soils and locations (Table 2) were not signifi cant in this single soil subset (Fig. 1) . At this location, these measures of bacterial levels appeared to increase in response to litter fertilization but to change little in response to increased litter fertilization rate (Fig. 1f ) . Th e presence and persistence of elevated levels of staphylococci in litter, litter-fertilized soil, and runoff from litter-fertilized soil have been noted (Brooks et al., 2009 ) and, along with the observations from the present study, suggest that staphylococci may be suitable environmental indicators of poultry litter.
Environmental Microbial Standards
Fecal indicators, including coliforms, are often referenced in guidelines and standards for bacterial levels in environmental samples. Guidelines vary, however, and fecal indicator levels may not represent zoonotic pathogen loads (Gerba and Smith, 2005) . Regulatory standards have been set for fecal coliforms in rivers and streams (<200 MPN 100 mL −1 ), but pathogen levels for water from animal agricultural sources used to irrigate pasture and hay crops are not regulated (USEPA and USAID, 2004; Bradford et al., 2008; Liu et al., 2010) . Th e World Health Organization proposed a limit for fecal coliforms of ≤1 × 10 5 100 mL −1 for irrigation of pasture and fodder crops Fig. 1 . Relationships of selected soil nutrient and microbial levels to litter application rate at one farm location where multiple rates of litter had been applied in respective areas of a common contiguous Ariel silt loam for 7 yr of no-till cotton production. Litter-fertilized areas received no other forms of fertilizer, whereas non-litter-fertilized areas (litter fertilization rate = 0) received a "farm standard" rate of commercial inorganic fertilizer. Only relationships that were signifi cant in tests of the complete data set of 15 soil types and fi ve locations were selected for subset analysis. Nutrient relationships (a-e) within the (single soil type) data subset were signifi cant (P = 0.05) and their respective linear or quadratic functions were plotted, but bacterial relationships (f) were not signifi cant, so only connected data points were plotted. (Blumenthal et al., 2000) . Coliform limits for reuse of wastewater on nonfood crop land in the United Stated varies from no restrictions in Mississippi to as low as 2.2 fecal coliforms 100 mL −1 in Hawaii (USEPA and USAID, 2004) . Such guidelines and standards do not directly address pathogen levels in soil as aff ected by land application of litter, but heavily or freshly littered soils have greater potential for leaching and runoff releases of pathogens to water supplies (Jamieson et al., 2002; Unc and Goss, 2004; Soupir et al., 2006; Mishra et al., 2008) . Pathogen contamination of water resources is not the only # qPCR, quantitative polymerase chain reaction. ND NT NT † Number of observations (samples): cultural tests of 20 0-to 5-cm and 20 5-to 10-cm L+ core samples; 20 0-to 5-cm and 20 5-to 10-cm L-core samples; molecular tests of 20 0-to 5-cm core samples. ‡ cfu, colony-forming unit; MPN, most probable number; gu, genomic units. § Diff erence (*, **, *** signifi cant at the 0.05, 0.01, and 0.001 probability levels, respectively; NS, not signifi cant; NT, not tested). ¶ ND, none detected (below detection limit).
# qPCR, quantitative polymerase chain reaction. microbial concern about land application of litter. Recent studies have shown increasing levels of veterinary pharmaceuticals, hormones, and antibiotic-resistant coliforms, enterococci, and staphylococci in litter and litter-impacted watersheds (Jenkins et al., 2006 Graham et al., 2009; Furtula et al., 2010) . Concerns about the fate and transport of antibiotic residues and antibiotic resistance genes after land application of manure have also been recently reviewed (Chee-Sanford et al., 2009) .
Contamination of fresh produce with bacterial pathogens may occur by direct contact with manure but is more often traced to contamination of water sources used in irrigation or processing (Callaway et al., 2008; Hanning et al., 2009) . Best management practices for land application of litter in comprehensive nutrient management plans avoid fi eld applications during, immediately after, and before anticipated rain events to prevent losses of nutrients to leaching or runoff . An added benefi t of this practice is the management of potential pathogens by placing and keeping them on the soil surface long enough for exposures to desiccation and ultraviolet irradiation to reduce their numbers or eliminate them altogether (Hutchison et al., 2004; Mishra et al., 2008) .
Contamination of water resources by zoonotic bacteria in runoff poses a health risk to people and livestock, but land application of litter has not been linked to such contamination and is not the only potential source of zoonotic bacteria in the environment. Septic systems, irrigation systems, animal agriculture, and wildlife have been identifi ed as potential sources of Salmonella contamination in a South Georgia watershed (Haley et al., 2009 ). An online search of annual summaries for waterborne disease and outbreaks in the United States from 1993 through 2006 (CDC, 2010) produced no reports of enteric bacterial illness linked to contaminated water in Mississippi. Th ese observations and a fi nding of no detectable Campylobacter spp. or Salmonella spp. in soils of the present study suggest that land applications of poultry litter are not linked to the incidence of enteric illnesses in Mississippi.
Enteric illnesses may more likely be due to improper handling and preparation of processed food products by consumers. Nationwide, processed poultry products routinely scored the highest percentages of verifi cation samples testing positive for Salmonella in routine FSIS testing of raw meat and poultry products from 1998 through 2009 (USDA FSIS, 2010) . Product classes and their percent positive rates of Salmonella were, from highest to lowest, ground chicken (18.2%), ground turkey (10.7%), broilers (7.2%), turkey (3.8%), market hog (2.3%), ground beef (1.9%), cow/bull (0.6%), and steer/heifer (0.2%). Risks to public health from Salmonella-contaminated raw meat and poultry products have been recognized and made the subject of a national FSIS-regulated industry-wide food safety improvement program to reduce Salmonella contamination at all levels of production and processing (USDA FSIS, 2006) . Th ese eff orts should also result in improved bacterial quality for litter and further reductions in potential risks from environmental contamination by land application.
Conclusions
Soil assessment a year after litter application limited the present study to discerning longer-term cumulative changes in nutrients and bacteria. Although nutrients in litter-fertilized fi elds in the area have been relatively well studied, this is believed to be the fi rst study to examine zoonotic bacterial pathogens in litter-fertilized fi eld soils in Mississippi. Based on this and earlier work, we hypothesize that the level of bacterial pathogens transported to fi elds during litter spreading is low, probably below detection limits, and declines further by dilution in soil and exposure to desiccation and UV irradiation. Findings reported here suggest that nutrient-based litter management in the region has also been eff ective for some bacterial pathogens. Th e present study, however, did not address impacts from runoff and leachate after land-spreading. Potential short-term impacts of nutrients and fecal indicator bacteria on water quality in the region have been examined by others, but pathogen impacts remain largely unknown. Future research will focus on enhanced resolution of temporal changes in pathogen levels from litter and litter-fertilized fi eld soils, on pathogen survival and transport in soil and on plants, and on practical management solutions to further reduce or eliminate potential risks from manure pathogens in agricultural environments.
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